B lymphopoiesis nor the frequency or number of lymphomyeloid LT-HSCs is negatively affected by UM171 (Fig. 3B ). SR1 treatment appeared to compromise the in vivo proliferative potential, although not the number, of lymphomyeloid LT-HSCs (compare reconstitution levels of SR1 with uncultured or UM171 conditions in Fig. 3B ). In support of this, the presence of SR1 in UM171 treated cultures appears to slightly hamper the proliferative potential of the expanded cells (see reduction in red in Combi versus UM171 conditions in Fig. 3B ). The impact of UM171 on LT-HSC was preserved at 30 weeks posttransplantation (fig. S10B and table S3), at which time multilineage contribution remained obvious at the high cell dose (Fig. 3C ). At this extended time point posttransplant, we also noted a slight augmentation in myeloid cell output, a phenomenon recently described with normal unexpanded cells (5, 13) . The molecular and cellular mechanisms underlying this effect of UM171 on expanding LT-HSCs that show a lymphoid-deficient differentiation pattern are of interest given previous studies of a similar self-perpetuating LT-HSC subset in mice (14) whose prominence is increased in the bone marrow as soon as HSCs begin to migrate from the fetal liver to that site (15) .
To further evaluate the impact of UM171-treated LT-HSC population(s), we performed transplantation experiments in secondary recipients. For these studies, four to six primary recipients were selected per condition in which human reconstitution ranged between 10 and 70%. Results (table S4) indicate that UM171 ex vivo treatment did not appear to affect the capability of LT-HSC to expand in primary recipients and hence similarly reconstituted secondary animals for at least 18 more weeks, thus indicating that cells exposed to the molecule ex vivo are still competent in secondary recipients, where they show no advantage when compared to unmanipulated CD34 + cells. We next performed RNA sequencing (RNA-seq) expression profiling experiments to gain insights into the mode of action of UM171. SR1-treated cells were also analyzed for comparison. As expected, SR1 but not UM171 treatment resulted in downregulation of AhR target genes such as CYP1B1, CYP1A1, and AhRR (Fig. 4A and fig. S11A ) (7, 16) . Unlike SR1, UM171 treatment was accompanied by a marked suppression of transcripts associated with erythroid and megakaryocytic differentiation ( Fig. 4B and fig. S11B ). Only six to seven genes were commonly up-or down-regulated in cells exposed to UM171 or SR1 ( fig. S12A ). In line with these results, gene expression signatures were very different between cells exposed to UM171 versus those treated with SR1 ( fig. S11C  and fig. S12B ). Most notably, we found that the transmembrane protein of unknown function, TMEM183A, was the most up-regulated transcript in both conditions (fig. S11, A and B) and that the most highly up-regulated genes in UM171-treated cells encode for surface molecules (fig. S11B, highlighted in red). These genes include PROCR (also called EPCR or CD201), which represents a known marker of mouse LT-HSCs (17) . Additional RNAseq experiments and fluorescence-activated cellsorting (FACS) analyses confirmed that expression of this receptor is modulated, in a dose-dependent manner, by UM171 treatment ( fig. S13 ).
UM171 enables a robust ex vivo expansion of human CB cells with functionally validated longterm in vivo repopulating capability (Fig. 4C) . On the basis of these findings, we suggest that UM171 acts by enhancing the human LT-HSC self-renewal machinery independently of AhR suppression. Conversely, AhR inhibitors' activity appears restricted to the production of cells with less-durable self-renewal activity (Fig. 4C) 
IRBIT is a novel regulator of ribonucleotide reductase in higher eukaryotes
Alexei Arnaoutov* and Mary Dasso Ribonucleotide reductase (RNR) supplies the balanced pools of deoxynucleotide triphosphates (dNTPs) necessary for DNA replication and maintenance of genomic integrity. RNR is subject to allosteric regulatory mechanisms in all eukaryotes, as well as to control by small protein inhibitors Sml1p and Spd1p in budding and fission yeast, respectively. Here, we show that the metazoan protein IRBIT forms a deoxyadenosine triphosphate (dATP)-dependent complex with RNR, which stabilizes dATP in the activity site of RNR and thus inhibits the enzyme. Formation of the RNR-IRBIT complex is regulated through phosphorylation of IRBIT, and ablation of IRBIT expression in HeLa cells causes imbalanced dNTP pools and altered cell cycle progression. We demonstrate a mechanism for RNR regulation in higher eukaryotes that acts by enhancing allosteric RNR inhibition by dATP.
R ibonucleotide reductase (RNR) provides building blocks for genomic and mitochondrial DNA replication and repair, and uncontrolled RNR activity has been associated with malignant transformation and tumor cell growth. The key role of RNR in DNA synthesis has made it a target for both anticancer and antiviral therapy (1). Many chemotherapeutic RNR inhibitors are nucleoside analogs whose association with other nucleotide-binding proteins can contribute to their toxicity, and so the search continues for more specific drugs with less adverse effects (2) .
IRBIT is a conserved metazoan protein that has been implicated in diverse functions (3) (4) (5) (6) . IRBIT consists of a putative enzymatic domain that has similarity to S-adenosylhomocysteine hydrolase and an essential N-terminal domain of 104 amino acids (3) (4) (5) . To identify proteins that bind IRBIT, we performed immunoprecipitation from lysates of HeLa cells, followed by SDSpolyacrylamide gel electrophoresis (SDS-PAGE) and protein staining. Prominent bands were excised and analyzed by mass spectrometry. RNR's large subunit R1 was identified as one of the most abundant proteins in the sample (Fig. 1A and table  S1 ). We expressed RNR (R1/R2B) and IRBIT in insect cells and purified these proteins. It should be noted that only R2B (p53R2), but not R2, formed a stable complex with R1. We analyzed RNR-IRBIT interaction in the absence or presence of RNR nucleotide effectors (fig. S1, A and B). In the absence of nucleotides, IRBIT interacted with RNR directly but with low affinity, whereas the formation of the RNR-IRBIT complex was greatly stimulated in the presence of deoxyadenosine triphosphate (dATP) (fig. S1 , B and C).
The region of IRBIT essential for RNR interaction lies within amino acids 64 to 87 ( fig. S1D ). This fragment was sufficient for complex formation with R1/R2B in the presence of dATP (Fig.  1B) . This well-conserved serine-and threoninerich domain exists in all IRBIT-like molecules (Fig. 1C) . Human IRBIT interacted strongly with Drosophila R1, whereas Drosophila IRBIT (dIRBIT) (CG9977) interacted with human RNR in a dATPdependent manner (Fig. 1D) . Human IRBIT also showed specific recruitment of Xenopus R1 from egg extracts (Fig. 1E) . RNR bound IRBIT in the presence of~1 to 3 mM dATP ( fig. S1E ), which is below physiological dATP levels (10 to 40 mM) (7).
dATP binds R1 at two sites: dATP bound to the low-affinity activity site (A-site) inhibits RNR, whereas dATP bound to the specificity site (S-site) promotes production of deoxyuridine diphosphate (dUDP) and deoxycytidine diphosphate (dCDP) (8) . We analyzed interaction between IRBIT and a mutant that does not differentiate between dATP and ATP in the A-site [R1 D57N , in which asparagine (N) replaces aspartic acid (D) at residue 57] (9).
R1
D57N did not stably interact with IRBIT in the presence of dATP ( Fig. 2A) , which indicated that the A-site is occupied by dATP when R1 is bound to IRBIT. Consistent with this idea, the RNR-dATP-IRBIT complex was not disrupted by deoxythymidine triphosphate (dTTP) or deoxyguanosine triphosphate (dGTP), which can compete only (STA) was mixed with R1/R2B and 3 mM dATP followed by addition of 1 mM ATP. In all panels, complexes were analyzed as in Fig. 1B .
for S-site occupancy, but it was sensitive to ATP (Fig. 2B ). In addition, glutathione S-transferase fused with human IRBIT (GST-hIRBIT) could bind preformed R1-dATP-dTTP complex ( fig. S1F ).
Physiological levels of adenosine triphosphate (ATP) (1 to 3 mM) disrupted the IRBIT-RNR-dATP complex, which indicated that RNR bound with IRBIT was still subject to competition between ATP and dATP for A-site occupancy (Fig. 2B ) (10) . We suspected that some posttranslational modifications of IRBIT might increase its inhibitory potential. We analyzed the phosphorylation status of endogenous IRBIT by mass spectrometry and found that there are at least two phosphorylation sites. Both of them were mapped to the IRBIT 64-87 domain: Ser68 and an undetermined residue within a SerSerThr motif (residues 70 to 72) (Fig. 2C) . We compared complex formation between R1/R2B and either a phosphomimetic (4STD) or a nonphosphorylatable IRBIT domain (4STA) (Fig. 2C) . Both domains bound to RNR in a dATP-dependent manner. However, high concentrations of ATP disrupted only 4STA-RNR-dATP complex but not 4STD-RNR-dATP complex, which indicated that IRBIT phosphorylation at these residues stabilizes dATP on R1 (Fig. 2D) .
We hypothesized that IRBIT may recognize inactive, dATP-bound R1 and stabilize the enzyme in this state. To test this idea, we performed binding studies in the presence of IRBIT using [a-32 P]dATP and R1/R2B saturated with dTTP in the S-site. The association constant of dATP binding to the A-site of R1 (k on ) was virtually unchanged in the absence or in the presence of IRBIT (Fig. 3C  and figs. S2D and S3A) , and the A-site on R1 was saturated at~3 mM of dATP (Fig. 3A) . The dissociation rate of R1-dATP (k off ) was substantially inhibited in the presence of IRBIT (Fig. 3, B and  C, and fig. S3 ), which indicated that IRBIT stabilizes dATP in the A-site of R1 (11) . IRBIT did not substantially alter dTTP binding to the S-site whether dATP was present in the reaction or not (fig. S2C ). The fragment of IRBIT that binds R1 (GST-IRBIT ) was sufficient in itself to increase A-site affinity for dATP ( fig. S2A) .
To measure the consequences of this binding for RNR function, we analyzed RNR activity in vitro. IRBIT did not affect RNR activity in the absence of dATP (Fig. 3D) . Preformed RNR-dATP complexes exhibited 20% less activity than RNR alone. As expected, RNR in the RNR-dATP-IRBIT complex was substantially inhibited (Fig. 3D and  fig. S3E ).
To determine the consequences of RNR inhibition by IRBIT, we measured deoxynucleotide triphosphate (dNTP) concentration in HeLa cells that express Tet-inducible short hairpin RNA against IRBIT. IRBIT-depleted asynchronous HeLa cells showed an imbalanced pool of deoxynucleotides (Fig. 4A) . These changes in dNTP levels were not due to the altered expression levels of the RNR subunits (Fig. 4B) . Note that the sensitivity of dNTP levels to IRBIT depletion was more pronounced in mitosis but was minimal in G 1 cells (Fig. 4A) , and coprecipitation experiments showed that IRBIT interacted with R1 more strongly during mitosis than during G 1 phase (Fig. 4C) .
We analyzed cell cycle progression in IRBITdepleted cells through live imaging of HeLa cells expressing histone H2B fused with green fluorescent protein (H2B-GFP). Most of the control HeLa cells underwent mitosis every 22 hours (Fig. 4D) . In contrast, depletion of IRBIT resulted in a much greater variation in the duration of interphase between individual cells. Reintroduction of wildtype IRBIT to the depleted cells rescued this phenotype, whereas IRBIT S68A did not (Fig. 4D ), which indicated that IRBIT function depends on phosphorylation of this residue, as suggested by our in vitro results.
The N-terminal domain of IRBIT belongs to the class of IDP (intrinsically disordered protein or peptide) (12) . Budding yeast Sml1p is an IDP that binds R1 (13) . We noticed that there is some similarity between the IRBIT 64-87 domain and the central region of Sml1p (amino acids 46 to 72), which was not previously implicated in interaction with RNR ( fig. S4) (14) . Sml1p , like IRBIT , interacted with RNR in a dATP-dependent manner. We speculate that Sml1p may use this domain to recognize dATP-bound R1 in a manner that may be analogous to that between Sml1 and IRBIT ( fig. S8) .
Altogether, our results demonstrate that IRBIT interacts with RNR in a dATP-dependent manner and stabilizes dATP in the RNR A-site, potentially by stabilizing oligomeric form(s) of R1 formed in the presence of dATP (15) (16) (17) (fig.  S1G ). Because binding of dATP to the A-site is inhibitory to RNR activity, IRBIT inhibits RNR. Under normal physiological conditions, where ATP levels are high, such inhibition could only be achieved when IRBIT's binding is strengthened by phosphorylation. This mechanism is likely to be critical, because cells depleted of IRBIT show substantial alteration in their cell cycle progression and because IRBIT is indispensible for embryogenesis (18) . It is also possible that IRBIT-RNR acts as a part of multimeric complexes ( fig. S5) .
In a larger context, we note that balanced control of deoxynucleotide levels is central to maintaining the genome in an accurate fashion (figs. S6 and S7) (19) . Modulation of IRBIT binding offers a fundamentally different mechanism for RNR inhibition that may circumvent toxicity issues of current RNR drugs, and it thus offers a promising target for future drug development. For proper development, cells must retain patterns of gene expression and repression through cell division. Repression via methylation of histone H3 on Lys27 (H3K27me) by Polycomb repressive complex 2 (PRC2) is conserved, but its transmission is not well understood. Our studies suggest that PRC2 represses the X chromosomes in Caenorhabditis elegans germ cells, and this repression is transmitted to embryos by both sperm and oocytes. By generating embryos containing some chromosomes with and some without H3K27me, we show that, without PRC2, H3K27me is transmitted to daughter chromatids through several rounds of cell division. In embryos with PRC2, a mosaic H3K27me pattern persists through embryogenesis. These results demonstrate that H3K27me and PRC2 each contribute to epigenetically transmitting the memory of repression across generations and during development.
P
roper development depends on regulation of gene expression by packaging the genome into expressed and repressed chromatin domains. Our understanding of how that packaging is achieved and maintained is incomplete. Methylation of histone H3 on Lys27 (H3K27me) is a well-established mark of repressed chromatin that is generated by Polycomb repressive complex 2 (PRC2) in diverse phyla. In Drosophila, PRC2 and H3K27me maintain repression of important genes, including the Hox genes during somatic development and cell cycle genes during germline development (1-3) . In mammals, H3K27me is also present on developmentally important genes in somatic and germ cells (4) (5) (6) , and PRC2 serves numerous roles, including participation in X-chromosome inactivation and differentiation of embryonic stem cells (7, 8) . In Caenorhabditis elegans, PRC2 is required only in germ cells where it participates in repression of the X chromosomes (9, 10) . A critical question is how H3K27me-repressed chromatin states are passed from mother to daughter cells. One model is that H3K27-methylated histones are passed locally to the two daughter chromatids during DNA replication (11) . Another model is that PRC2, but not methylated histones, is passed locally to daughter chromatids and newly establishes H3K27me after each round of DNA replication (12) . We tested these models by examining cells containing or lacking PRC2 activity and with differentially H3K27-methylated chromosomes. We present evidence that H3K27-methylated histones transmit the memory of repression transgenerationally and short-term in embryos and
